Transient high-frequency (100-500 Hz) oscillations of the local field potential have been studied extensively in human mesial temporal lobe. Previous studies report that both ripple (100-250 Hz) and fast ripple (250-500 Hz) oscillations are increased in the seizure-onset zone of patients with mesial temporal lobe epilepsy. Comparatively little is known, however, about their spatial distribution with respect to seizure-onset zone in neocortical epilepsy, or their prevalence in normal brain. We present a quantitative analysis of high-frequency oscillations and their rates of occurrence in a group of nine patients with neocortical epilepsy and two control patients with no history of seizures. Oscillations were automatically detected and classified using an unsupervised approach in a data set of unprecedented volume in epilepsy research, over 12 terabytes of continuous long-term micro-and macro-electrode intracranial recordings, without human preprocessing, enabling selection-bias-free estimates of oscillation rates. There are three main results: (i) a cluster of ripple frequency oscillations with median spectral centroid = 137 Hz is increased in the seizure-onset zone more frequently than a cluster of fast ripple frequency oscillations (median spectral centroid = 305 Hz); (ii) we found no difference in the rates of high frequency oscillations in control neocortex and the non-seizure-onset zone neocortex of patients with epilepsy, despite the possibility of different underlying mechanisms of generation; and (iii) while previous studies have demonstrated that oscillations recorded by parenchyma-penetrating micro-electrodes have higher peak 100-500 Hz frequencies than penetrating macro-electrodes, this was not found for the epipial electrodes used here to record from the neocortical surface. We conclude that the relative rate of ripple frequency oscillations is a potential biomarker for epileptic neocortex, but that larger prospective studies correlating high-frequency oscillations rates with seizure-onset zone, resected tissue and surgical outcome are required to determine the true predictive value.
Introduction
Epilepsy affects an estimated 50 million people worldwide (Sander and Shorvon, 1996) , with $30% of patients having seizures that cannot be controlled by medication (Kwan and Brodie, 2000) . At present, the best treatment option for this medically refractory population is resective surgery (Lü ders and Comair, 2001) . Successful surgical treatment of drug-resistant partial epilepsy is based on the concept that the brain areas involved in initiating seizures are well-circumscribed and unchanging, and hence amenable to resection. Technology for localizing epileptogenic regions therefore plays a central role in surgical planning. Intracranial EEG, the recording of electrical activity using electrodes placed directly on or within the brain, is used when non-invasive modalities like scalp EEG, MRI and functional imaging are unable to unambiguously identify the seizure-onset zone. Though some computational methods have been proposed (Bartolomei et al., 2008; Aubert et al., 2009) , the clinical gold standard in intracranial EEG-based seizure-onset zone localization remains labour intensive and somewhat subjective visual analysis, whereby neurologists trained to recognize stereotypical epileptiform patterns visually review multi-channel recordings to identify regions that consistently show the earliest departures from non-seizure background activity prior to electrographic seizure onset. Epilepsy surgeries guided by these assessments are often successful in patients with defined MRI abnormalities (Tanriverdi et al., 2008) , but outcomes tend to be less favourable for patients who do not have lesions apparent on MRI (Jeha et al., 2007; Bell et al., 2009; Bien et al., 2009) .
The search for electrophysiological biomarkers to identify epileptic tissue has motivated the study of transient, quasiperiodic local field potentials within the 100-500 Hz frequency range. These signals, which have durations of tens of milliseconds, are called 'high-frequency oscillations' to distinguish them from the lower frequency activity (0.1-100 Hz) more commonly used in clinical electrophysiology. High-frequency oscillations were initially described in rat hippocampal recordings (O'Keefe, 1976; Buzsaki, 1992) and were later observed in animal parahippocampal (Chrobak and Buzsaki, 1996) and neocortical (Grenier et al., 2001 (Grenier et al., , 2003 structures. The link between high-frequency oscillations and epilepsy was established by the work of Bragin et al. (1999) , who analysed depth electrode recordings obtained from human subjects with temporal lobe epilepsy. The authors subdivided high-frequency oscillations into two categories, ripples (100-200 Hz) and fast ripples (250-500 Hz), hypothesizing the latter were a pathological marker of epileptogenic brain, while the former were analogous to physiological ripples observed in freely behaving normal rats. More recent studies from human hippocampus (Worrell et al., 2008; Jacobs et al., 2010) , however, show that ripple oscillations, as well as fast ripple oscillations, are increased in seizure generating brain regions. In fact, even interictal gamma (30-80 Hz) oscillations are increased in seizure-onset zone in neocortex (Worrell et al., 2004) . These studies demonstrating an increase in activity previously defined as physiological, i.e. gamma and ripple frequency oscillations, highlight the difficulty in epileptic brain of attaching pathological specificity to high-frequency oscillation subclasses based on oscillation frequency (Traub, 2003; Engel et al., 2009) .
The pathological specificity of a particular high-frequency oscillation is further complicated by the fact that high-frequency oscillations of the same frequency may have different mechanisms of generation. Ripple oscillations in the hippocampal CA1 region of freely behaving normal rats reflect summed inhibitory postsynaptic potentials resulting from synchronous interneuron input (Ylinen et al., 1995) , but also can be generated by bursts of pyramidal cell population spikes (Bragin et al., 2007) . Physiological ripple oscillations are thought to be important in declarative memory consolidation (Wilson and McNaughton, 1994) , but oscillations in the same frequency range have also been implicated in seizure generation, as mentioned above, and epileptogenesis (Bragin et al., 2004) . The mechanism(s) underlying the generation of fast ripples are less clear (Dzhala and Staley, 2004; Foffani et al., 2007) . Fast ripples are more frequently associated exclusively with pathology in the literature, but, as discussed above, the notion that ripples are normal and fast ripples are epileptic is probably overly simplistic (Traub, 2003; Engel et al., 2009) .
Whether the relationship of high-frequency oscillations to seizure-onset zone is the same in neocortex as it is in hippocampus, given the phylogenetic and structural differences between the two regions, also remains unclear. In addition, systematic characterization of high-frequency oscillations in normal human brain for baseline comparison has not been possible in any brain region because of the invasiveness of intracranial recordings. The ability to obtain electrophysiological recordings from normal controls was critical in demonstrating the association of high-frequency oscillations with epileptic areas in kainic acid-treated rats (Bragin et al., 2004) . There has been a pressing need for similar control data for human high-frequency oscillation research, which has until now been limited to epileptic brain.
A final factor complicating the study of high-frequency oscillations in epilepsy has been selection bias arising from the need to reduce data volume for manual review. In prior work , our group demonstrated an algorithm for automated detection and classification of high-frequency oscillations that eliminates the need for manual intervention and does not assume the existence of any specific high-frequency oscillation subclasses, i.e. ripples and fast ripples. Here, we quantitatively analyse the outputs of that algorithm in a group of nine patients with neocortical epilepsy and two control patients with no history of seizures. We address three open questions about the relationship between neocortical high-frequency oscillations and seizure generation and the electrodes required to record them: (i) Are high frequency oscillations rates (events/second) different in control patients and non-seizure-onset zone in patients with epilepsy?; (ii) are high-frequency oscillation rates different within and outside the seizure-onset zone (in patients with epilepsy)?; and (iii) do micro-electrodes record high-frequency oscillations of higher frequency than macro-electrodes, as might be expected if fast ripples are spatially more localized than ripples?
Materials and methods

Data and subject description
The data set we analyse is comprised of 219 756 putative highfrequency oscillations recorded from the neocortices of 11 human subjects undergoing evaluation at Mayo Clinic with subdural electrode arrays. Nine subjects with medically refractory partial epilepsy believed to be of neocortical origin had electrodes implanted as part of routine clinical care. The location, number and type (e.g. grid and/or strip) of intracranial electrodes were determined by a multi-disciplinary team including neurosurgeons, neurologists, neuroradiologists and neuropsychologists. Standard clinical grid and strip electrodes were modified under an Institutional Review Board approved research protocol by adding arrays of non-penetrating platinum-iridium micro-wires (40 mm diameter, with intra-array spacing of 0.5-1 mm centre-tocentre) between the clinical, 4-mm diameter contacts (Van Gompel et al., 2008; Worrell et al., 2008) . Two 'control' patients with intractable face pain but no history of seizures were similarly implanted, as part of an unrelated Institutional Review Board-approved research protocol investigating electrical stimulation of motor cortex as a potential treatment for their condition. Table 1 summarizes the clinical characteristics and electrode placements for each subject.
Depth electrodes were also implanted in some subjects. Standard clinical depth leads were modified in two ways: (i) by embedding micro-wires around the circumference of the lead-body between the 2.3-mm long clinical contacts; and (ii) by passing a bundle of micro-wires within the lumen of the lead, so that they protruded by $7-8 mm from the distal tip (Worrell et al., 2008) . To ensure that our conclusions pertain to neocortex, depth electrode data are excluded from all but one analysis (Fig. 4B) , whose purpose is precisely to contrast epipial neocortical surface electrode with intra-parenchymal depth electrode results. Insufficient amounts of depth electrode data precluded comparative analyses elsewhere. Informed consent was obtained after the nature and possible consequences of the studies were explained to subjects.
Signal acquisition and processing
Continuous, long-term data were acquired using the Digital Lynx Data Acquisition System (Neuralynx, Inc.) at 32 556 samples per second and 20 bits per sample (stored), from up to 144 channels in each patient (Brinkmann et al., 2009) . The input dynamic range was AE132 mV and the noise level was $1.3 mV root mean square, yielding $18 effective bits. Recordings were made using direct current capable amplifiers, and a 9 kHz analogue low-pass filter was employed to minimize aliasing effects. The bandwidth of the raw recordings was thus approximately 0-9 kHz.
Event data were extracted from the raw intracranial EEG using a three-stage process detailed in Blanco et al. (2010) . Briefly, in the first stage, which was originally tested and applied in patients with epilepsy (Staba et al., 2002) , candidate events were detected within nonoverlapping 10 min windows of 100-500 Hz bandpass filtered intracranial EEG (after decimation by a factor of 12, to 2713 Hz), on a per channel basis. Amplitude and duration thresholds were applied to the short-time energy of the signal in each window; flagged segments were then subject to waveform shape criteria to ensure robust oscillatory characteristics (Csicsvari et al., 1999a, b; Staba et al., 2002; Gardner et al., 2007) . In the second stage, a Gaussian mixture model of the local background intracranial EEG ($2.5 s) surrounding each candidate was learned using the Expectation Maximization Algorithm (Dempster et al., 1977) , and events bearing too large a spectral similarity to background according to the model were discarded from candidacy. In the final stage, events were clustered using the k-medoids algorithm , with the gap statistic used to determine the optimal number of clusters. The approach yielded four clusters that we analyse here.
Localization of seizure-onset zone
For each patient, all recorded seizures were visually identified and independently reviewed by two board-certified epileptologists prior to data analysis. The time of the earliest intracranial EEG change was noted and the associated macro-electrode(s) were selected as the electrographic seizure-onset zone. Time of earliest intracranial EEG change was determined by identifying a clear electrographic seizure discharge in a macro-electrode recording and then looking backward in the record for the earliest change from background contiguously associated with the discharge. As micro-electrode recordings were not used in clinical determination of the seizure-onset zone, their labels were extrapolated from those of the macro-electrodes; a micro-electrode was given the label of seizure-onset zone if it belonged to a cluster immediately adjacent to a non-peripheral seizure-onset zone macro-electrode.
Because regions outside the seizure-onset zone displaying prominent interictal epileptiform activity are often considered for surgical resection along with seizure-onset zone, we also defined the 'irritative zone' and 'non-irritative zone' for analysis (Lü ders and Comair, 2001 ). An electrode (macro or micro) was considered an irritative zone electrode if it was either (i) a seizure-onset zone electrode; or (ii) an electrode immediately adjacent to a seizure-onset zone electrode and displaying prominent interictal spiking activity.
Statistical analyses
Control versus non-seizure-onset zone groups A permutation test was used to test the null hypothesis that there was no difference in the average median event rate between control and non-seizure-onset zone groups. The permutation distribution was generated by taking all 55 (11-choose-2) possible groups of 9 (the number of subjects with epilepsy) and 2 (the number of control subjects) and computing the difference between the average median event rates for the two groups. Separate tests were carried out for each of the four clusters, and for macro-and micro-electrodes, yielding eight total tests.
Seizure-onset zone versus non-seizure-onset zone channels
Because of the large variability in median event rates across subjects with epilepsy, and because not all subjects were represented in all channel classes-for example, only two subjects had surface microelectrodes in the physician-labelled seizure-onset zone-we chose not to aggregate across subjects in studying the difference between seizure-onset zone and non-seizure-onset zone channels. For each patient for whom the comparison was possible, using event rate as the measured variable on channels, we tested the null hypothesis that the cumulative distribution function for seizure-onset zone channels was equal to that for non-seizure-onset zone channels. (This same test is also commonly, if less accurately, described as a test for a difference between the medians of two groups.) Separate analyses were carried out for each of the four clusters, and for macro-and micro-electrodes, yielding a maximal total of eight tests per patient. The Mann-Whitney U-test was used to test the null hypotheses, with the Bonferroni adjustment made to account for multiple comparisons. We also http://brain.oxfordjournals.org/ performed the above-mentioned seizure-onset zone/non-seizure-onset zone analyses using irritative zone/non-irritative zone instead. Additionally, we carried out both the latter and former analyses using only those high-frequency oscillations that were identified during non-seizure epochs. Non-seizure epochs were defined as those falling outside of a board-certified epileptologist's markings of seizure onset and offset, plus 10 min on either side of these delimiters.
Macro-versus micro-electrodes
For each of the 219 756 neocortical surface events, we computed the frequency within the 100-500 Hz frequency band having maximal power ('peak frequency') using a multi-taper method from Thomson (1982) [three tapers; 512-point Discrete Fourier Transform (zeropadded); adaptive nonlinear combination method). We tested the null hypothesis that the cumulative distribution functions of event peak 100-500 Hz frequencies were equal for macro-and micro-electrodes, with the alternative hypothesis being that the micro-electrode distribution was stochastically larger. The Mann-Whitney U-test was used for the comparison. The same was then done for the 70 517 depth electrode events.
Results
High-frequency oscillation characteristics
Across 11 subjects, a total of 219 756 putative high-frequency oscillations (100-500 Hz) were automatically detected on neocortical surface channels and clustered by the algorithm detailed in Blanco et al. (2010) and reviewed above. Four unique clusters were discovered and their relation to variables of clinical interest was analysed. Twenty-nine per cent (63 652) of all high-frequency oscillation detections belonged to a cluster (Cluster 2) determined to be consistent with artefact, characterized by sharp, non-physiological voltage transients in the raw data. The sharpness of these large amplitude transients yielded high frequency ringing when bandpass filtered, thereby generating false positive detections . Of the remaining putatively physiological events, 41% (64 392) belonged to a cluster (Cluster 1) characterized by mixed frequency, irregular waveforms; 11% (16 691) belonged to a cluster (Cluster 3) characterized by relatively fast, regular waveforms; and 48% (75 021) belonged to a cluster (Cluster 4) characterized by relatively slow, regular waveforms. Figure 1 shows five randomly selected examples from each of the four clusters, illustrating these properties. Table 2 provides descriptive statistics for each cluster-the medians and interquartile ranges of four quantities: (i) the ratio of the integrated power spectral density estimate in the 250-500 Hz frequency band to that in the 100-200 Hz band (power ratio); (ii) the centroid of the power spectral density within the 100-500 Hz frequency band (spectral centroid); (iii) the line length of the spectrally equalized time-domain signal (Usui and Amidror, 1982; Gardner et al., 2007) , normalized by signal duration (line length); and (iv) the peak of the power spectral density in the Figure 1 Cluster member examples. Five randomly selected waveforms from each of the four clusters found using the automated detection and unsupervised classification method of Blanco et al. (2010) . Waveforms are 100-500 Hz bandpass filtered segments corresponding to detections (truncated to 25 ms, if necessary, to put all waveforms on the same time scale for comparison). Table 2 gives a sense for the between-group differences that drove the clustering. It can be seen, for example, that Cluster 3 events tend to have higher peak 100-500 Hz frequencies than Cluster 4 events. Furthermore, the relative proximity of the spectral centroid value to the spectral peak value in Clusters 3 and 4, compared with Clusters 1 and 2, suggests that the former pair have their power concentrated in a narrower band within 100-500 Hz than the latter-supporting the description 'regular waveforms' for Clusters 3 and 4 in the discussion above. Clusters 1 and 2 appear primarily distinguished by their line length values, which is consistent with the observation that Cluster 2 events are characterized by sharp transients; that is, large sample-to-sample voltage differences that would contribute to high line-length values are present for a relatively smaller fraction of the overall segment duration in Cluster 2 versus Cluster 1 events. Channel statistics by patient Table 3 shows event rates for the aggregate of Clusters 1 ('mixed'), 3 ('fast ripple') and 4 ('ripple') (i.e. all but the 'artefact' cluster), broken down by patient and by channel class. Each cell in columns 2-5 gives the median aggregate event rate and the interquartile range; the corresponding number of channels is shown in the last column, and column 6 gives the total number of channel hours of data recorded per patient. The table provides important context for the statistical analyses of the following sections, making sample sizes clear and indicating where data are unavailable. For seven of the eight subjects-all but SZ02-with epilepsy for whom the comparison can be made, the median macroelectrode aggregate event rate is higher in the seizure-onset zone than the non-seizure-onset zone; the same is true for Entries are median event rate (interquartile range), where an 'event' is any member of Clusters 1, 3 or 4 (i.e. putative artefact Cluster 2 excluded). CH = channel hours: the sum over all channels of the length of time recorded for each channel; NC = number of channels: (macro-non-seizure-onset zone zone, micro-nonseizure-onset zone, macro-seizure-onset zone, micro-seizure-onset zone). micro-electrodes for the two subjects for whom the comparison can be made. In seven of the nine patients with epilepsy, microelectrode recordings were not available from both seizure-onset zone and non-seizure-onset zone. Figure 2 complements Table 3, showing the average proportion of events falling into each of the four clusters, broken down by patient and channel class. Clusters are coloured in accordance with Fig. 1 . Two main trends are apparent in subjects whose pie charts represent more than a single channel (SZ02 and SZ03 each have only one macro-electrode in the seizure-onset zone): (i) Cluster 3 (red, 'fast ripple') typically accounts for the smallest proportion of events; and (ii) Cluster 4 (cyan, 'ripple') typically accounts for a greater proportion of events in seizure-onset zone compared with non-seizureonset zone channels. Below, we test whether the trends towards higher event rates in the seizure-onset zone, apparent in Table 3 and Fig. 2 , are statistically significant, disaggregating clusters in order to discern which are responsible for any significant effects.
Control versus non-seizure-onset zone groups
Even at the liberal level of 0.1, no significant differences in high-frequency oscillation rates were found between nonseizure-onset zone in patients with epilepsy and controls. For both micro-and macro-electrodes, the average median event rates for Clusters 1 ('mixed'), 2 ('artefact'), 3 ('fast ripple') and 4 ('ripple'), respectively, obtained from control versus non-seizureonset zone were not significantly different based on the permutation tests. The small number of control subjects limits the statistical power, but there is no evidence to reject the null hypothesis of no difference in event rates between control and the non-seizureonset zone of patients with epilepsy. We also compared control and seizure-onset zone high-frequency oscillation rates, separately for micro-and macro-electrodes, finding no significant differences for any of the four high-frequency oscillation clusters [though, notably, for macro-electrodes the P-value for Cluster 4 ('ripples') was substantially lower than those for the other three clusters].
Seizure-onset zone versus non-seizure-onset zone channels
We compared event rates on seizure-onset zone channels to nonseizure-onset zone channels on an individual subject basis, by electrode type (macro or micro) and by cluster. For micro-electrodes, no significant differences were found between seizure-onset zone and non-seizure-onset zone for any of the clusters, in either of the patients for whom the comparison could be made. For macro-electrodes, no significant differences between seizure-onset zone and non-seizure-onset zone were found in any of the patients for Clusters 1 ('mixed'), 2 ('artefact') or 3 ('fast ripple'). These results remained unchanged when we included the irritative zone in the analysis, i.e. replacing the seizure-onset zone/nonseizure-onset zone comparison with the irritative zone/nonirritative zone comparison. For Cluster 4 ('ripple'), five of the eight subjects (63%) for whom the comparison could be made showed an increasing trend in high-frequency oscillation rates on seizure-onset zone macro-electrodes compared with non-seizure-onset zone. In four of these subjects, the median event rates on seizure-onset zone macro-electrodes was marginally or significantly higher than for non-seizure-onset zone. Uncorrected P-values for the MannWhitney U-test for these subjects-SZ01, SZ05, SZ06 and Figure 2 Subject-channel events by cluster. The area of each pie chart wedge corresponds to the mean proportion of events in a given cluster. Blue = Cluster 1 ('mixed frequency'); green = Cluster 2 (putative artefact); red = Cluster 3 ('fast ripple'); and cyan = Cluster 4 ('ripple'), where the mean is over all channels in the category defined by the row and column of the pie. Empty cells in the table indicate that no data were available. CT01 and CT02 are the control patients; SZ01-SZ09 are the subjects with epilepsy. Macro = macro-electrode; micro = micro-electrode; NSOZ = non-seizure-onset zone; SOZ = seizure-onset zone. SZ07-were 0.00036, 0.037, 0.00069 and 0.098, respectively. The marginally significant (at = 0.1) results for Patients SZ05 and SZ07 do not survive the Bonferroni correction. For the irritative zone/non-irritative zone comparison, however, the results for SZ07 do remain significant after Bonferroni correction (with all other results remaining unchanged).
The box plots of Fig. 3 summarize the results of the non-seizure-onset zone to seizure-onset zone comparisons for macro-electrodes in these four subjects. The right side of each panel in Fig. 3 shows Cluster 4 ('ripple') high-frequency oscillation rates for individual channels in a given patient, with the bars corresponding to seizure-onset zone channels coloured in red. A trend towards high Cluster 4 ('ripple') high-frequency oscillation rates on seizure-onset zone channels is evident in each plot. Particularly for Subjects SZ06 and SZ07, however, not all channels with relatively high Cluster 4 ('ripple') high-frequency oscillation rates were marked by clinicians as being in the seizure-onset zone.
Notably, none of the results described in this section were materially changed when we analysed only those high-frequency oscillations occurring in non-seizure epochs.
Macro-versus micro-electrodes
In contrast to the findings from human temporal lobe (Worrell et al., 2008) , in neocortex, we found no evidence (P % 1) to reject the null hypothesis of no difference in favour of the alternative hypothesis that the distribution of event peak 100-500 Hz frequencies is stochastically larger for micro-electrodes than macroelectrodes. As can be seen in Fig. 4A , the distributions for macro-electrode events (n = 130 098) and micro-electrode events (n = 89 658) look qualitatively similar, and the medians are close (macro-median, interquartile range: 170 Hz, 69 Hz; micro-median, interquartile range: 164 Hz, 61 Hz). In fact, a post hoc two-sided Mann-Whitney U-test finds evidence for the opposite effect (P 5 5 0.001), namely that macro-electrodes have a tendency to record events with peak 100-500 Hz frequencies that are slightly higher than those for micro-electrodes. The low P-value for such an apparently small effect is not surprising given the large sample sizes. Figure 4B , on the other hand, shows a result that does agree with findings from temporal lobe. It depicts the same two distributions as in Fig. 4A , but for depth electrodes, which were implanted in four of the nine seizure patients (SZ03, SZ04, SZ05 and SZ08) in addition to surface electrodes. Depth macro-electrodes yielded 11 179 events on 40 total channels in these four subjects. Depth micro-electrodes, only present in two of the four subjects, yielded 59 338 events on 84 total channels. In Fig. 4B , the distributions show a strong qualitative difference. The medians are much farther apart than for the surface electrodes (macro-median, interquartile range: 167 Hz, 58 Hz; micro-median, interquartile range: 209 Hz, 154 Hz). Here, the one-sided Mann-Whitney U-test, with alternative hypothesis that micro-electrodes have larger peak (100-500 Hz) event frequencies than macroelectrodes, leads us to strongly reject the null hypothesis of no difference (P 5 5 5 0.0001).
Discussion
The main findings reported are: (i) in a group of neocortical patients with epilepsy, using automated detection and classification techniques without any manual data pre-selection, we found a class of high-frequency oscillations corresponding to ripple frequency oscillations whose rate of occurrence is increased in the physician-labelled seizure-onset zone in 63% of the patients and marginally or significantly increased in 50%; (ii) a class of oscillations corresponding to fast ripple high-frequency oscillations is relatively rare, and does not show significant rate increases in the neocortical seizure-onset zone compared with non-seizureonset zone; (iii) we found no evidence that control neocortex is different from neocortex outside the seizure-onset zone in patients with epilepsy, when considering the rate at which high-frequency oscillations (of perhaps different underlying mechanisms) are generated; and (iv) while micro-electrodes on the neocortical surface do not appear to preferentially record high-frequency oscillations of higher frequency, micro-electrodes embedded in the parenchyma do.
Spontaneous 100-500 Hz high-frequency oscillations have been rarely studied systematically in human epileptic neocortex, and high-frequency oscillation statistics from control neocortex of patients without a history of seizures are reported here for the first time, to our knowledge. We analysed more than 200 000 automatically detected high-frequency oscillation candidates in neocortical recordings from nine epilepsy and two control patients, originating in over 27 000 channel hours of intracranial EEG. Though our number of subjects was comparable with prior studies of high-frequency oscillations in human epilepsy, the overall volume of data we processed (412 terabytes) was significantly larger. We hypothesize that analysing multi-hour continuous recordings permits more reliable estimates of global high-frequency oscillation rates across brain states than, for example, the short (e.g. 10 min) intracranial EEG segments typically examined under the constraints of human processing. Larger data sets also tend to produce more stable statistical estimates of the number of high-frequency oscillation classes .
The finding of an increase in neocortical ripple frequency high-frequency oscillations in the seizure-onset zone is consistent with prior studies that used human-intensive processing (Worrell et al., 2008; Jacobs et al., 2009) . That there were two particular subjects whose seizure-onset zone increases were detected despite several non-seizure-onset zone channels with comparable ripplelike rates raises the possibility that some seizure-generating areas were missed by the clinical seizure mapping process, which currently does not take high-frequency oscillations into account. The finding that fast ripple-like events are rare and not significantly increased in the neocortical seizure-onset zone is different than previous studies investigating mesial temporal lobe epilepsy (Bragin et al., 1999; Worrell et al., 2008) , but in reasonable accord with one study that reported that 4200 Hz high-frequency oscillations were not observed in the four subjects with neocortical epilepsy that they studied (Cré pon et al., 2010) . Urrestarazu et al. (2007) also report fast ripples only rarely in neocortex. They reported fast ripple seizure-onset zone rate increases in a small number of patients, but the rate increases did not reach statistical significance. The absence of an increase in fast ripple high-frequency oscillations in neocortex reported here could be related to the fact that our epipial micro-wires are unlikely to detect neuronal unit activity. However, this seems unlikely to be the complete explanation as multiple groups have reported the ability to record fast ripple high-frequency oscillations from clinical macro-electrodes, which would not capture single unit or multi-unit neuronal activity.
The three subjects without increasing trends in Cluster 4 ('ripple') seizure-onset zone rates all had fewer than three macro-electrodes in the seizure-onset zone, including two subjects with only a single macro-electrode in the seizure-onset zone. A fourth subject, SZ09, anomalously had median rates of zero on both seizure-onset zone and non-seizure-onset zone channels; and though the median rate was thus not higher in seizure-onset zone channels for this subject, the mean rate was higher, by a factor of 1.7. High percentages of non-seizure-onset zone and seizureonset zone channels without any Cluster 4 ('ripple') events was not surprising for this subject, given the uniquely poor quality of Subject SZ09's recordings, which is evidenced by the predominance of the colour green (Cluster 2, putative artefact) in the plots in Fig. 2 . The average number of seizure-onset zone electrodes was 4-fold higher in the five subjects with increasing Cluster 4 ('ripple') trends in the seizure-onset zone. We suspect that the number of subjects in whom statistical significance was retained after correction for multiple comparisons would have been larger had the number of seizure-onset zone electrodes been greater. Unfortunately, this sampling limitation, discussed in greater detail below, is inevitable given the spatial density of current clinical electrode arrays. We anticipate that new high-density electrode array technology will be able to resolve this limitation in future work Viventi et al., 2010) .
We observed events of all four classes in both control patients. Moreover, event rates for control regions were not significantly different for any cluster when compared with non-seizure-onset zone regions. With only two control patients, our permutation tests had relatively low power. But they are discouraging for the prospect of finding a universally 'normal' rate of high-frequency oscillations that might serve as a baseline for patient-independent detection of the seizure-onset zone.
We are uncertain how to interpret the finding that microelectrodes record high-frequency oscillations of higher frequency than macro-electrodes on depth but not surface electrodes. Given the cellular architectural differences between hippocampus, for example, and neocortex, it is plausible that this result reflects physiological differences in the micro-environments of depth and surface electrodes. An alternative explanation might be related to the fact that surface micro-electrodes are non-penetrating and rest atop the pia mater, which may act as a low-pass filter, while the depth micro-electrodes actually penetrate the parenchyma.
Our data-mining approach (as well as subsequent analyses) treats all intracranial EEG equally. On one hand, this can be viewed as a limitation: our methods do not explicitly attempt to parse whether high-frequency oscillation detections are occurring during specific states of arousal, or in conjunction with epileptiform events such as sharp waves, or within or outside of lesions, for example. That said, other authors have investigated these questions, concluding that the spatial specificity of high-frequency oscillations may be improved in non-REM sleep (Bagshaw et al., 2009) and that high-frequency oscillations provide localizing information independent from interictal spikes (Jacobs et al., 2008) , lesions ) and seizures themselves (Worrell et al., 2008) .
On the other hand, this unbiased algorithmic approach leads to several ideas about high-frequency oscillations in epilepsy. First, the fact that we found a signal that increases in the seizure-onset zone without special selection of patients, channels or time-epochs for processing, suggests that the signal is strong. Second, it suggests that similar findings in prior studies of high-frequency oscillations in mesial temporal lobe, which typically use restrictive data pre-selection criteria, may actually be more generalizable, and hence potentially more practically useful in the clinical setting. Finally, that we are able to detect and classify these signals automatically, without any human intervention, adds to the promise of practical clinical utility. The results presented here support the usefulness of unbiased automated detection of high-frequency oscillations from large data sets, and the potential application to pre-surgical evaluations. The results also open a potential therapeutic opportunity with the possibility that high-frequency oscillations can be used as control signals in closed loop-implantable seizure therapy devices, which will not have the same luxury of human expert review to pre-identify optimal data for processing. Figure 3 Continued considered outliers, defined as points 41.5 times the interquartile range above the 75th percentile or below the 25th percentile and plotted individually as red crosses. Dotted line in top left panel represents an arbitrary value to which a single large outlier (34.7 Â 10 À3 ) was clipped for visualization purposes. Notch widths are computed according to McGill et al. (1978) ; lack of notch overlap is a rough test for significant differences in medians at the 5% significance level; we use the Mann-Whitney U-test on the distributions to more formally test significance. On the right side in each panel, Cluster 4 event rates are shown for the individual channels of all electrodes containing seizure-onset zone contacts. Where channel numbers are not continuous, data were not available. Bars corresponding to seizure-onset zone channels are coloured in red, and the spatial arrangement of channels is given in the inset maps, in which seizure-onset zone channels are also coloured red. The map for (A) was superimposed on a brain image using the method of Wellmer et al. (2002) . Channels located beneath the dura are not depicted, but their locations are readily inferred. Space constraints prohibited including comparable images for the other subjects; these can be found in Supplementary Fig. 1 . NSOZ = non-seizure-onset zone; SOZ = seizure-onset zone. Asterisks indicate Bonferroni corrected P-value for Mann-Whitney U-test 5 0.1; M = marginally significant at level 0.1, but does not survive the Bonferroni correction.
Our findings should be interpreted in light of limitations on electrode coverage. By nature, clinical intracranial EEG recordings suffer from significant spatial undersampling . Electrode implants span a limited range of cortex surrounding the suspected seizure-onset zone, often leaving doubt as to whether important seizure-generating regions have been missed. For a study like ours, this means both noise in the labels of seizure-onset zone and non-seizure-onset zone, particularly where electrodes near the periphery of an array are concerned; and less than optimal sample sizes (i.e. numbers of channels in a given group), often making it difficult to detect all but very large effects statistically. Another potential sampling limitation in this study is that intraparenchymal cortical recordings were not performed. It is possible that some classes of high-frequency oscillations, such as the fast ripples found in penetrating micro-electrode recordings in the hippocampus, are most reliably recorded from penetrating neocortex as well.
The efficacy of epilepsy surgery and implantable anti-epileptic devices is directly linked to precise identification of seizuregenerating regions. Our results suggest that automated mapping of high-frequency oscillations may be of significant utility for this purpose, though it is important to underscore that the finding of a statistically significant relationship between seizure-onset zone regions and high-frequency oscillation increases does not necessarily imply good surgical outcome predictive value. It is still an open question, for instance, whether high-frequency oscillation activity on a given channel can be used to make reliable predictions about whether the tissue beneath that channel should be resected to improve the chances of favourable surgical outcome. Our findings remain to be associated with outcome and should be validated in larger prospective studies.
As clinical results for patients undergoing surgery for nonlesional neocortical epilepsy have plateaued at only modest rates, we hope that a better understanding of the spatial and temporal characteristics of high-frequency oscillations in epileptic networks will lead to improved surgical outcome.
